A series of thiophene tungsten Fischer carbene complexes of type [(CO) 5 W=C(OMe)R] (1, R = 2-Th; 3, R = fcthFc) and [(CO) 5 W=C(OMe)-R'-(OMe)C=W(CO) 5 ] (2, R' = th; 5, R' = fcthfc) was synthesized for investigating low energy charge transfer interactions between the carbene substituents and the transition metal carbonyl fragment incorporating the thiophene heterocyclic system (Th = Thienyl; th = 2,5-thiendiyl; Fc = ferrocenyl; fc = 1,1'-ferrocenediyl).
Introduction
In recent years, the application of Fischer carbene complexes has expanded from catalysis, auxiliary ligands and application in organic chemistry to electronic probes and potential molecular wires [1] . These applications have mostly evolved around the M=C carbene double bond but interest in the electrochemical properties of carbene complexes was the prelude to new applications, especially in the field of catalysis [2] . Fischer carbene complexes are excellent candidates for electrochemical studies as redox centers, can be extended from mono-to polymetallic [3] , and organic or organometallic π-conjugated linkers can be used to separate transition metal moieties [4] . Combining the properties of Fischer carbenes with π-conjugated bridges could result in the design of new push-pull systems with novel non-linear optical (NLO) character. In our recent papers we paid attention to metal-metal interactions in Fischer carbenes on ferrocenyl and biferrocenyl tungsten alkylidene complexes [5] . UV-Vis-NIR spectroelectrochemical investigations revealed a high energy NIR absorption which was attributed to a metal-metal charge transfer transition (MMCT) between the tungsten and ferrocenyl/biferrocenyl moieties. Within this context, the use of redox active metal-based temini offers the possibility to design new materials, such as semiconducting polymers and molecular wires.
In this study we describe synthesis and characterization of tungsten thienyl and 2,5-diferrocenylthiophenes mono-and biscarbene Fischer complexes (Scheme 1). Electrochemical and spectroelectrochemical properties were investigated.
Results and Discussion

Synthesis and spectroscopic characterization
The tungsten Fischer carbene complexes 1, 2, 4 and 5 were prepared employing the classical Fischer carbene synthesis: W(CO) 6 was reacted with relevant lithiated species of thiophene, 2,5-dibromothiophene (2,5-ThBr 2 ) and 2,5-di(1'-bromoferrocenyl)thiophene (3) to form the respective metal acylates. After alkylation with methyl trifluoromethanesulfonate (MeOTf), neutral complexes were isolated as red/purple -dark brown solids. Complex 1 was previously synthesized and spectroscopically characterized, but single crystal x-ray diffraction data were not reported [6] . The ethoxy-analogue of compound 1 has also recently been electrochemically characterized [7] . Lithiated thienyl/biferrocenylthiophenes were generated in situ from respective brominated precursors by lithiation or lithium-bromine exchange reactions according to literature procedures [8] . Purification of these complexes was done by column chromatography. Compounds 1, 2, 4
and 5 are stable toward moisture and air in the solid state and in solution. Compound 3 was synthesized by employing the palladium-promoted Negishi C,C cross-coupling protocol [9] using 1,1'-dibromoferrocene and 2,5-dibromothiophene. The electronic effects of the carbene substituents in the named compounds can be followed in solution by both NMR and IR spectroscopy. The proton α to the carbene substituent in thienyl and ferrocenethiophenes experiences the greatest deshielding (Table 1) and corresponds well to the substituent effect of, for example, an ester functionality instead of a metal carbonyl fragment [11] . Stabilization of the electrophilic carbene carbon also occurs in a similar way as with the ester analogues: via π-delocalisation of the heteroaryl ring. As expected, this effect is also seen in the A 1 '' CO stretching frequency which decreases as electron density donation from the heteroatom increases [12] . Due to the relative insensitivity of the carbonyl stretching frequencies toward the changes on the carbene substituents [13] , little difference is observed in the measured IR frequencies for this series of complexes.
Electrochemistry
The electrochemical studies of complexes 1, 2, 4 and 5 were carried out under an argon electrolyte. An OTTLE [14] (Optically Transparent Thin Layer Electrochemistry) cell was used during the spectroelectrochemical investigations (Experimental Section).
During the electrochemical study of 1, two significant redox events could be detected. A reduction process at E pc = -1745 mV, which is associated with the reduction of the carbene center itself, and a tungsten carbonyl oxidation reaction at E pa = 820 mV (Table 2 and Fig. 1 ). Similar observations were made for other Fischer carbene complexes previously [5] [6] [7] . Furthermore, a second tungsten carbene moiety on the thiophene system (2) results in a more anodic, irreversible tungsten oxidation process starting from E pa = 850 mV (Table 2 and Fig. 1 ). In contrast, two reversible [15] one-electron reduction events could be detected for 2 at E 0' = -1320 mV and -1060 mV, wherein the generation of the monoanion takes place around 600 mV more anodic as observed for 1 (Table 2 , Fig. 1 ). The corresponding redox separation (∆E 0' = 260 mV)
suggests an interaction of the Fischer carbene moieties in 2 -over the thiophene bridge (vide infra).
A combination of the 2,5-diferrocenyl thiophene [16] system with one carbene fragment (4) results also in a significant anodic shift for the first ferrocenyl redox process compared to the 2,5-diferrocenyl thiophene [16] . The second iron-based oxidation process for 4 could be observed at 420 mV, further increasing of the potential leads to the typical irreversible tungsten carbonyl oxidation process around 1100 mV vs FcH/FcH + ( Fig. 1 ) [16] . : Redox separation (
A partial reversible reduction event could be detected in the cathodic end of the electrochemical window with an i pc value nearly twice as large as observed for the 5/5 + process (Table 2 , Fig.' s 1 and S-1) [17] . Thus, the reduction events of the Fischer carbene centers in 5 occur very close together. This fact suggests only a very weak interaction between the Fischer carbene increments. Similar findings were made for ferrocenediyl and biferrocenediyl biscarbene complexes recently [5] . The tungsten carbonyl oxidation electrode reactions of 5 were detected in the same potential range as observed for ferrocenyl thiophene 4 (Table 2, Fig. 1 ).
In order to get a closer insight into the oxidation process of 2, 4 and 5 spectroelectrochemical studies were carried out by a stepwise increase of the potential vs Ag/AgCl in an OTTLE [14] cell During the infrared spectroelectrochemistry of 2, significant changes in ν(CO) stretching frequecies could be detected during the successive in situ generation of 2 - (Fig. 2) . Thus, the absorption of the original A 1 '' mode, at 2062 cm -1 decreases together with an rising absorption band at 2045 cm -1 (Fig. 2 ). This suggests a significant interaction between the two Fischer carbene increments over the thiophene connectivity within the infrared timescale. Furthermore, the ν(CO) stretching frequencies of 2 at 1947 cm -1 shift formal to 1920 cm -1 upon generation of the monoanion (Fig. 2 ).
Further reduction to 2 2-leads to a decrease of the A 1 '' ν(CO) stretching frequencies in combination with a formal splitting of the band at 1920 cm -1 to 1928 cm -1 and 1905 cm -1 (Fig. 2 ).
However, under our conditions a slow decomposition process could be observed during the generation of 2 2-(see also . Within this regard, the shift in ν(CO) stretching frequencies upon generation of 4 2+ is comparable with the corresponding behavior of the ferrocenyl tungsten Fischer carbene complex, (CO) 5 W=C(OMe)Fc, itself during the Fc/Fc + redox process [5] . Thus, the interaction between the ferrocenyl unit and the Fischer carbene moiety should be very similar in both cases.
Regarding this, UV-Vis-NIR spectroelectrochemical studies of 4 were carried out. Thus, during the oxidation process of 4 typical absorptions in the UV-Vis region of inner ferrocenyl transitions (π-π * and MLCT/d-d) were observed ( Fig. 3) [21]. Upon generation of 4 + three main absorptions could be detected in the NIR range. A high energy near infrared absorption was observed around 10500 cm -1 which is assigned to a ligand to metal charge transfer (LMCT) transition, similar as observed for the monocationic intermediate of 2,5-diferrocenyl thiophene as well as for other ferrocenyl-substituted heterocycles [16, 22, 23 ]. An observation of an absorption, caused by an ferrocenyl-tungsten interaction (MMCT), is not expected and can be excluded for 4 + , due to the very small shift in ν(CO) stretching frequencies (vide supra). Furthermore, the relative strong absorption at 6600 cm -1 is assigned to an intervalence charge transfer (IVCT) between the iron centers in 4 + ( Table 3) . The significant blue shift of the latter transition together with the significant smaller bandwidth at half height, as we would observe for a symmetrical system in the same energy range, compared with the corresponding absorption of the monocationic 2,5-diferrocenyl thiophene [16] is caused by the asymmetry in 4 (4 + , Table 3 ). Due to the fact that delocalization is not favored in asymmetrical systems and together with the estimation of the corresponding theoretical bandwidth at half height for such species, the metal-metal interaction in 4 + can be assigned to a class II system according to Robin and Day [24] . The low energy absorption at 4080 cm -1 , which is too intense for an ligand field transition, is often ascribed to a further LMCT/IC [25] absorption, since the experimental determined bandwidth at half height would be too small as expected from the hush theory, however Tuczek et al. have proposed an IVCT character for such absorptions in intervalent non-bridged biferrocene species, similar as common accepted for bifulvalene diiron systems (Table 3 , Fig. 3) [26,27].
Further increasing of the potential leads to a decrease of the low energy absorptions upon generation of 4 2+ together with an in-creasing LMCT absorption band around 11000 cm -1 . An absorption band at 7220 cm -1 could be assigned to a MMCT between ferrocenyl unit and its tungsten Fischer carbene substituent, similar as observed for the corresponding ferrocenyl and biferrocenyl systems previously [5] . The weak absorption at ca. 4000 cm -1 is ascribed to a formal forbidden ligand field transitions [16, 23, 28] . A second tungsten Fischer complex fragment on the α,α'-diferrocenyl thiophene building block (5) leads to three NIR absorptions for 5 + at 9170 cm -1 , around 4700 cm -1 and at 3610 cm -1 (Table 3 , Fig. 4 ). The latter transition can again be assigned to a low energy LMCT/IC (vide supra). The more intense absorption at 4660 cm -1 is described with the well-known formal iron-iron inter valence charge transfer, similar as observed previously [16, 23] . A comparison of the corresponding bandwidth at half height with the theoretical value reveals also a class II assignment, according to Robin and Day (Table 3 , Fig. 4 ) [24] . The third near infrared transition around 9200 cm -1 for 5 + could be ascribed with an LMCT transition (vide supra) between the thiophene core and the ferrocenyls, however it can also be an combination together with a ferrocenyl-tungsten MMCT transition (Table 3 and Fig. 4) . (Fig. 2) . Upon oxidation of 5 + , the low NIR absorptions decreases and the high energy absorption bands around 1000 nm become more intense (Table 3 , Fig. 3 ).
Furthermore, absorption bands at 6970 cm -1 (MMCT) and around 4000 cm -1 (LF) could be detected (Table 3 and Fig. 4 ). However, a slow decomposition of 5 2+ could be observed during the spectroelectrochemical measurements, thus the corresponding absorption behavior should be handled with care.
In the infrared range, the ν(CO) stretching frequencies at 2070 cm [24] .
Crystallography
The O6-C6-C8-C9 1.3(9) °, 4: O6-C6-C8-C9 -0.2(6) °). A directly bonded heterocycle (1) also obtains a planar conformation between the carbene and the thiophene π-system (O6-C6-C8-C9 -170.9(4) °). (5), C11-S1 1.678(5), C8-S1 1.725 (5), O1-C1-W1 177.8(4), O6-C6-C8 105.1(4), O6-C6-W1 130.1(3), C8-C6-W1 124.8(3), C11-S1-C8 92.1(2), O6-C6-C8-C9 -170.9(4), W1-C6-C8-C9 11.6(6), C8-C6-O6-C7 179.3(3), O6-C6-W1-C5 -49.7(4) Fig. 6 . ORTEP diagram (50% probability level) of the molecular structure of 4 with the atomnumbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles (°), and torsion angles (°): C1−O1 1.129(6), C1-W1 2.046(5), C6-W1 2.202(4), C6-O6 1.334(5), O6-C7 1.436(6), C6-C8 1.453(6), C13-C18 1.458 (7), C18-C19 1.361 (7), C19-C20 1.417 (7), C20-C21 1.357 (7), C18-S1 1.725(5), C21-S1 1.741(4), C21-C22 1.446(6), D1-Fe1 1.6467 (7), D2-Fe1 1.6558 (7), D3-Fe2 1.6328 (7), D4-Fe2 1.6425 (7), O1-C1-W1 176.6(4), O6-C6-C8 105.6(4), O6-C6-W1 128.9(3), C8-C6-W1 125.4(3), C18-S1-C21 92.4(2), D1-Fe1-D2 177.17 (5), D3-Fe2-D4 179.00 (5), O6-C6-C8-C9 -0.2(6), W1-C6-O6-C7 1.0(6), C14-C13-C18-C19 176.6(5), C20-C21-C22-C26 1.1(8), O6-C6-W1-C2 -41.3(4), C8-D1-D2-C17 -16.8(3), C8-D1-D2-C13 55.2(3), C22-D3-D4-C27 3.8(4), Fe-Fe 7.4837(10) (D denote the centroids of: D1: C8-C12, D2 C13-C17, D3 C22-C26, D4 C27-C31). Fig. 7 . ORTEP diagram (50% probability level) of the molecular structure of 5 with the atomnumbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles (°), and torsion angles (°): C1−O1 1.139(9), C1-W1 2.030(8), C6-W1 2.222(7), C6-O6 1.328(8), C6-C8 1.461(9), O6-C7 1.425(8), C13-C18 1.45(2), C18-C19 1.406(19), C18-S1 1.707(13), C19-C19# 1.367(19), D1-Fe1 1.6552(9), D2-Fe1 1.6990(9), O1-C1-W1 177.0(6), C18-S1-C18# 93.3 (7), C8-C6-W1 124.9(5), O6-C6-W1 128.5(5), O6-C6-C8 106.3(6), D1-Fe1-D2 178.76 (7), C8-D1-D2-C17 -4(1), C8-D1-D2-C13 67.2(8), C8-C6-O6-C7 178.2(6), O6-C6-W1-C2 -41.5(6), O6-C6-C8-C9 1.3(9), C14-C13-C18-C19 -16(3), Fe1-Fe1# 8.4367(2) (D1 denotes the centroid of C8-C12; D2 denotes the centroid of C13-C17). Symmetry operation for the generation of equivalent atoms: -x-1, -y, -z The ferrocenyls themselves are almost eclipsed (5: C8-D1-D2-C17 -4(1) °, 4: C22-D3-D4-C27 3.8(4) °) or between eclipsed and staggered (4: C8-D1-D2-C17 -16.8(3) °) with a synclinal conformation for 1,1'-substituted ferrocenyl fragments. Nevertheless, the substituents at the carbene carbon C6 influence the W1-C6 distance. Electron rich metallocenyl moieties lead to an extension of the formal double bond to a maximum of 2.222 (7) Å (5), whereas the thiophene derivative 1 significantly shortens the bond to 2.180 (5) Å. In 4 the distances are averaged to 2.202(4) Å. A further influence to the W1-C1 distance is not detectable. Regarding the bond lengths in the thiophene core for unsymmetrical 1, the carbene carbon influences the C-S bonds.
The bond length from S1 to C8 is 1.725(5) Å, whereas to the non-substituted bond to C11 is shortened to 1.678 (5) Nevertheless, the W(CO) 5 fragment decreases the O6-C6-C8 angle from ideal 120 ° to 106.3(6) (5), 105.6(4) (4) and 105.1(4) (1).
Conclusions
Within this study, a series of thiophene tungsten Fischer carbene complexes of type The electrochemical studies reveal reversible one electron redox events for the ferrocenyl moieties. Moreover, typical electrode reactions could be found for the carbene reductions itself and for the tungsten carbonyl oxidation processes. However, for the biscarbene 2 two wellseparated one-electron reduction events could be found. During the UV-Vis-NIR spectroelectrochemical investigations typical low energy absorptions for the mixed-valent α,α'-diferrocenyl thiophene increment were found, as well as high energy NIR absorptions which were attributed to metal-metal charge transfer transition between the tungsten carbonyl increment and the ferrocenyl units in the corresponding species. Further infrared spectroelectrochemical studies reveal that the electronic interactions in the corresponding cationic species can be described with weakly coupled class II systems according to Robin and Day.
Experimental Section
General Procedures
Inert Schlenk techniques were employed in all operations and syntheses were done under argon or nitrogen. Solvents were distilled over sodium/benzophenone (n-hexane, tetrahydrofuran (thf)) or phosphorpentoxide (dichloromethane (dcm)) and collected under nitrogen or argon gas.
Chemicals were used as purchased without any further purification unless stated otherwise.
Purification with column chromatography was done using silica gel 60 (0.0063-0.200 mm) as stationary phase. A Bruker AVANCE 500 spectrometer was used for NMR recordings.
1 H NMR spectra were recorded at 500. spectra were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectrophotometer in solvent as specified. Only the vibration bands in the carbonyl-stretching region (1600 -2200 cm −1 ) were recorded. [6] To a thf solution of thiophene (3.0 mmol, 0.24 mL), n BuLi ( 1988 (w), 1963 (m), 1948 (vs) . Suitable single crystals of 1 were obtained from a solution of 1 at ambient temperature.
Synthesis of complex
Synthesis of 2
2,5-Dibromothiophene (3.0 mmol, 0.34 mL) was added to 50 mL of thf, followed by a slow addition of n BuLi ( 1974 (w), 1948 (vs), 1935 (s) . ,5-di-(1'-bromoferrocenyl) 
Synthesis of 4 and 5
Compound 3 (3.0 mmol, 0.34 mL) was dissolved in 50 mL of thf and n BuLi (7 mmol 
Electrochemistry
The electrochemical measurements were carried out under an argon atmosphere on 1.0 mmol·L [30] . When decamethylferrocene was used as an internal standard, the experimentally measured potential was converted in to E vs FcH/FcH + by addition of -0.61 V [31] . Cyclic voltammograms were taken after typical two scans and are considered to be steady state cyclic voltammograms, in which the signal pattern differs not from the initial sweep. Finally, the experimental data were processed on Microsoft Excel worksheets.
Single-Crystal X-ray Diffraction Analysis
Data were collected with an Oxford Gemini S diffractometer at 100 K using Mo Kα (λ = 0.71073 Å) radiation. The structures were solved by direct methods using SHELXS-97 and refined by full matrix least-square procedures on F 2 using SHELXL-97 [32] . All non-hydrogen atoms were refined anisotropically and a riding model was employed in the refinement of the hydrogen atom positions.
Appendix A. Supplementary material
The UV-Vis-NIR spectra of 2, 4 and 5 in dichloromethane as well as a table of crystal data (see Table S -1) are available as supplementary material for this paper. Crystallographic data (see Table S -1, excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the depository numbers CCDC-969409 (1), 969408 (4) and 969407 (5) 
